A novel form of mitochondrial DNA (mtDNA) inheritance has previously been documented for the blue mussel (Mytilus edulis). Female mussels inherit their mtDNA solely from their mother while males inherit mtDNA from both their mother and their father. In males, the paternal mtDNA is preferentially amplified so that the male gonad is highly enriched for the paternal mtDNA that is then transmitted from fathers to sons. We demonstrate that this mode of mtDNA inheritance also operates in the closely related species M. gulloprovincialis and M. trossulus. The evolutionary relationship between the male and female mtDNA lineages is estimated by phylogenetic analysis of 455 nucleotides from the large subunit ribosomal RNA gene. We have found that the male and female lineages are highly divergent; the divergence of these lineages began prior to the speciation of the three species of blue mussels. Further, the separation between the male and female lineages is estimated to have occurred between 5.3 and 5.7 MYA.
Introduction
Recent reports have challenged the axiom that mitochondrial DNA (mtDNA) in animals is strictly maternally inherited. The paternal transmission of mtDNA has been conclusively documented in mice, Mus spp. (Gyllensten et al. 199 1 ), Drosophila (Kondo et al. 1990 ), anchovies, Engarulis encrasicolus (Magoulas and Zouros 1993 ), and mussels, Mytilus edulis and M. trossulus (Zouros et al. 1992 ). The studies with Mus and Drosophila employed repeated interspecific back-cross experiments in order to enrich hybrid lines with paternal mtDNA. These findings led to the view that paternal leakage of mtDNA occurs because of breakdown in hybrid lines of species-specific recognition systems that block the replication of paternally inherited mtDNA (Avise 199 1) . In the latter two cases, as well as in Drosophila, appreciable levels of heteroplasmy have been observed in natural populations (Satta et al. 1988; Hoeh et al. 199 1; Magoulas and Zouros 1993) . Further, it was found that the divergent mtDNA molecules in heteroplasmic individuals had accumulated more differences than could be explained by mutation within a single generation. It was thus concluded in all three cases that heteroplasmy was the result of biparental inheritance of highly divergent mtDNA molecules.
In Mytilus, however, the situation is more complex. Heteroplasmy in natural populations is extraordinarily high, frequently occurring at frequencies of 50% or greater (Hoeh et al. 199 I) , and is much more frequent in males than in females (Fisher and Skibinski 1990) . Zouros et al. (1994a) have demonstrated that paternal leakage in mussels occurs not only within heterospecific but also homospecific crosses. Further, both Zouros et al. (1994a) and Skibinski et al. (1994) have shown that there is a strong association between the presence or absence of paternal mtDNA and the gender of an individual. They have concluded that mtDNA inheritance in M. edulis is "doubly uniparental" with separate maternal and paternal lines of inheritance. Using restriction site analysis, Hoeh et al. (199 1) have estimated that the two mtDNA molecules within heteroplasmic mussels are approximately 20% divergent while Fisher and Skibinski ( 1990) have estimated a 9%-10% divergence. Although these estimates differ by twofold, they do suggest that the two mtDNA lineages present within M. edulis are fairly old and may predate speciation events within the genus Mytilus.
Here, we assess this possibility by examining the variation at the mitochondrial large subunit (16s) ribosomal RNA gene in the three sibling species M. edulis, M. galloprovincialis, and M. trossulus. The rRNA genes are among the slowest evolving portions of the mitochondrial genome (Moritz et al. 1987 ) and should pro-mtDNA Evolution in Mytifus 895 corresponded with the gender of individual mussels. The gender of individual mussels was determined by excising reproductive tissue from the mantle and assaying for the presence of sperm or egg follicles under both a dissecting (50X power) and compound microscope (320X power). Total cellular DNA for each mussel was extracted and used in the 16s PCR/RFLP assay described above. For mussels in which gender could be determined unambiguously, the association between gender and 16s haplotype was tested using a G test for independence (Sokal and Rohlf 198 1; p. 692) .
Sequencing of 16s Products
The PCR products for one individual each with the B and C haplotype from Newport, Oregon, and for one individual each with the D and C haplotypes from San Diego were cloned into Bluescript SK+ (Stratagene). The products were first gel-purified using the Gene Clean II Kit (Bio 10 1, San Diego) and then blunt-end polished by incubation for 1 h in a cocktail consisting of 5 U T4 DNA polymerase, 5 U T4 polynucleotide kinase, 0.5 mM each dNTP, 0.5 mM ATP, and 25 pg/ml BSA in 100 ~1 of 1 X kinase buffer (50 mM Tris-HCl, ph 7.6; 10 mM MgC12; 5 mM DTT) at 37°C. Blunt-end products were then ligated into approximately 10 ng of Bluescript, which had been linearized with the restriction enzyme SmaI, using 400 U T4 DNA ligase in 20 ~1 of 1X ligase buffer (50 mM Tris-HCl, ph 7.8; 10 mM MgCl*; 10 mM DTT; 1 mM ATP; 25 pg/ml BSA) at 14°C overnight. The resulting plasmids were used to transform competent E. coli (XL-l Blue; Stratagene) and positive colonies were selected using the protocols in Sambrook et al. (1989) . The presence of inserts in positive colonies was checked using the PCR method of Palumbi and Baker (1994) . The PCR products were then assayed by our triple digest to confirm that the insert corresponded to the haplotype we intended to clone. One clone of each type was sequenced in both directions using a Sequenase kit, the standard kit protocol and the vector sequencing primers SK and KS (U.S. Biochemical, Cleveland). Additional sequences were generated by direct sequencing. PCR products were gel-purified as before and resuspended in 12 ~1 H20. Two separate sequencing reactions were employed; one used the 16s universal BR primer, and the other used an internal Mytilus specific sequencing primer (PR 11; 5'-CTGATCTCCCATCAA-3'). The direct sequencing reactions followed the protocol outlined in O'Foighil and Smith ( 1994) , where sequencing primers and purified template are denatured together at 99°C for 2 min in the presence of 1 ~1 of DMSO and then immediately frozen in dry ice/ethanol. The primers are allowed to anneal to the template while the mixture thaws to room temperature, and the sequencing reactions are then performed according to the standard Sequenase (U.S. Biochemical) protocol. We sequenced two or more gene fragments for each haplotype/species combination and gene fragments from two M. galloprovincialis mussels from Venice, Italy, generating 22 individual Mytilus sequences. Additionally, we sequenced gene fragments amplified from the mature gonads of three male and three female green mussels (Perna canaliculata). The sequences from the male and female green mussels differed by less than I%, indicating that the dichotomy in mtDNA does not exist in Perna. Thus, we used the sequence from one Perna individual as an outgroup in our phylogenetic analysis. The Mytilus sequences were aligned using the ESEE sequence editor (Cabot and Beckenbach 1989) . To align the Perna sequence we also used the BESTFIT program in the University of Wisconsin's GCG package (Devereux et al. 1984) . The aligned DNA sequences were analyzed using MEGA (Kumar et al. 1993 ); distances were estimated using the Jukes-Cantor method and the phylogeny estimated using the neighbor-joining technique. We used a bootstrap test (1,000 iterations) to test for the probability of internal branch lengths being greater than zero (Kumar et al. 1993 ). The analysis was repeated using the parsimony estimation program available in PHYLIP (Felsenstein 1993) . These two analyses produced phylogenies with no topological differences; for brevity we present only the neighbor-joining phylogeny.
Results

Restriction Fragment Analysis
Restriction digest of 16s PCR products from the three Mytilus edulis sibling species produced four distinct restriction fragment patterns or mitochondrial 16s haplotyes that were labeled A through D ( fig. 1 ). Haplotypes A, B, and C correspond to the restriction fragment patterns predicted from mitochondrial 16s sequences of M. edulis/M. galloprovincialis and M. trossulus haplotypes 1 and 2, respectively, reported by Geller et al. (1993) . The haplotype D restriction fragment pattern does not correspond to any previously published Mytilus 16s sequence. The frequency of each haplotype from the reference populations for each species are reported in table 1. Haplotype A was found commonly in both M. edulis and M. galloprovincialis, B was found exclusively in A4. trossulus, C was found in all three species, and D was found exclusively in A4. galloprovincialis. Additionally, haplotype C was found in heteroplasmy with each of the other haplotypes while haplotypes A, B, and D were never found in heteroplasmy with one another.
The frequency of 16s haplotypes for each gender within each species is also reported in table 1; gender and 16s haplotype were strongly associated in all three 896 Rawson and Hilbish species (P < 0.001). Haplotype C was found either in heteroplasmy or homoplasmy in 92% of the males but was observed in only 5% of the females. We conclude from these data that haplotype C is the male haplotype while patterns A, B, and D are haplotypes associated with female mussels. 100 60 Sequence Analysis
We compared 455 nucleotides of the mitochondrial 16s rRNA gene for 22 individual mussels from the three taxa in the M. edulis species complex. These sequences have been submitted to GenBank under accession numbers U22864 through U22886. The accuracy of phylogenies estimated from gene sequences is highly dependent on the nature of the variation between individual sequences. Among recently diverged taxa, variation between sequences is commonly due to an excess of transition mutations relative to transversion mutations (Brown 1985) . Over evolutionary time, repeated transitions occur at the same nucleotide sites. As the sequences become saturated with respect to transitions, transversion mutations accumulate and the bias toward transitions decreases (Brown 1985) . With the decrease in transition bias among a set of gene sequences, there is a corresponding loss in the resolution of the phylogeny estimated from those sequences. We compared the percentage of base changes due to transitions as a function of the percent sequence divergence for each sequence paired once with all other 22 sequences in our data set ( fig. 2) analysis indicates that only when considering the outgroup, Perna, does the 16s gene appear to be nearing saturation.
The evolutionary relationship between each of the 16s gene sequences is depicted in the neighbor-joining phylogeny presented in figure 3 . This phylogenetic analysis indicates that there are two major mtDNA clades within the A4. edulis species complex. These two clades correspond to the restriction fragment patterns that are NOTE.-Frequency is given in the columns labeled "Sample." A subset of this sample at each location was assayed for gender and haplotype. The haplotype frequencies for these mussels are reported in columns F (females) and M (males); G-tests for independence between gender and mt 16s haplotype were conducted for each location separately. The degrees of freedom for each test were determined by taking into account only the haplotypes expected at each location given the overall frequency of those haplotypes at each location.
'Two individuals from Newport, Ore., were hermaphroditic; one was heteroplasmic for the B and C haplotypes and the other was homoplasmic for the B haplotype. associated with gender. Thus, we will refer to these major clades as the female (F) and male (M) clades ( fig. 3) . Within the female clade, sequences that share a restriction fragment pattern cluster together forming distinct subclades.
Sequence divergence within each of these smaller clades was 1% or less, and each clade was well supported by bootstrap analysis. In both the M and F clades, sequences from a given species tend to cluster together. In the case of M. trossulus, these species-specific groupings are well supported by bootstrap analysis. The exception to this tendency can be seen in the female clade identified by restriction pattern A and the male clade containing the sequences E2, E5, Gl, and GlO. These clades contain closely related sequences that are found in both A4. edulis and M. galloprovincialis. The phylogenetic analysis thus demonstrates that the restriction fragment assay is a very reliable system for determining the clade to which a particular sequence belongs. This assay also can reliably distinguish M. trossulus females from M. galloprovincialis or M. edulis females.
The average sequence divergence between the male and female clades is approximately 8.3%. This is in contrast to a divergence of 3.8% between M. trossulus and M. galloprovincialis/M edulis within the female clade and 6.7% divergence within the male clade. Bootstrap analysis indicates that both the male and female clades are well supported from our sequence data.
mtDNA Evolution in Mytilus 897 Discussion Mussels in the Mytilus edulis species complex have a unique form of mtDNA inheritance (Zouros et al. 1994a (Zouros et al. , 1994b Skibinski et al. 1994 ). Female mussels inherit their mtDNA solely from their mother while males inherit mtDNA from both their mother and father. In males, however, the paternal mtDNA is preferentially replicated, particularly in the gonad (Skibinski et al. 1994) , so that only paternal mtDNA is transmitted from fathers to sons. Given this mode of inheritance, it should be possible to observe a strong association between the gender of an individual and the presence or absence of paternal mtDNA in that individual. Skibinski et al. (1994) and Zouros et al. (1994a Zouros et al. ( , 1994b ) detected such an association in different populations of M. edulis. Our results confirm this finding for M. edulis and further extended it to the other two sibling species (M. trossulus and M. galloprovincialis) in the ikf. edulis species complex.
It is unlikely that this "doubly uniparental" mode of inheritance (Zouros et al. 1994a (Zouros et al. , 1994b ) arose independently in each of the three taxa, suggesting that the male and female mtDNA lineages in the three taxa are related by common descent. Phylogenetic analysis of the mitochondrial 16s RNA gene indicates this is indeed the case. The nearest relative for the female and the male mtDNA lineages in any given species is found in another species. For example, the female mtDNA haplotypes in M. trossulus are more closely related to M. edulis female haplotypes than to any of the M. trossulus male haplotypes. Thus, we conclude that this mode of inheritance predates the formation of any of the three species in the M. edulis species complex. It is also possible that the origin of the M/F haplotype system predates the divergence of M. trossulus and M. californianus since Stewart and Zouros (personal communication) have detected two highly divergent lineages at the CO111 gene in M. californianus that are putatively associated with gender.
It is possible to estimate the age of these two mtDNA lineages by comparing paleoceanographic information with the observed sequence divergence estimates. In the middle Pliocene, about 3.5 MYA, the Bering Strait opened and a large trans-Arctic exchange of cold-water marine fauna and flora occurred (Vermeij 1991) . This exchange included the invasion of the Atlantic Ocean, from the Pacific Ocean, by the common ancestor of M. trossulus and the M. edulis/M. galloprovincialis group. This event sets the earliest time at which M. edulis/M. galloprovincialis could have diverged from M. trossulus. Using this divergence time estimate of 3.5 Myr and the measured divergence at the 16s mitochondrial gene, we estimated the rates of sequence divergence within the male and female mtDNA lineages. These rates were then used to estimate the time of origin of the M/F system in Mytilus.
Within the female clade, the A4. trossulus subclade is, on average, 3.8% divergent from the il4. Vermeij (1992) argues that it is unlikely that transequatorial exchange took place in the Atlantic at this time. Regardless of whether Mytilus invaded the Southern Hemisphere in the Pliocene or more recently in the Pleistocene, both possibilities occurred after the estimated time of origin of M/F mitochondrial systems and doubly uniparental inheritance. We therefore predict that subsequent studies will show that all Mytilus taxa within the Southern Hemisphere will have the highly divergent male and female mitochondrial lineages. The estimates of sequence divergence presented above also suggest that the male and female lineages are not evolving at the same rate. The female clade is evolving at a rate similar to mitochondrial rRNA genes in mammals while the rate of divergence in the male lineage is more comparable to less conserved protein coding and control regions of mammalian mtDNA (Moritz et al. 1987) . There are at least two reasons the male mtDNA lineage might be expected to evolve at a greater rate than the female lineage. Male mtDNA may have relatively fewer selective constraints because these molecules are typically found in heteroplasmy with female mtDNA molecules (E. Zouros, personal communication).
Alternatively, the male lineage may evolve more rapidly because the greater number of cell divisions required to generate sperm relative to the production of eggs results in a phenomenon known as male-driven evolution (Shimmin et al. 1993) .
Estimates of the divergence among the separate clades within the male lineage are at least 55% greater than the comparable divergence estimates in the female lineage. However, a relative rates test (Wu and Li 1985) between the outgroup Perna and the male and female Mytilus mtDNA lineages, indicates that these differences in divergence rate are not significant (K13-K23 = 1.3 + 5.8). It is possible that we did not sample enough sequence to give an accurate estimate of divergence rates for each lineage, but it is also possible that there is no striking difference in evolutionary rate between the two lineages. Male mtDNA may not be hidden from selection since they are likely to be the predominant or exclusive source of mitochondrial function in germ cell lines during spermatogenesis.
Male-driven evolution may also be unlikely since the ratio of male to female fecundity is relatively low in mussels (Thompson 1979) when compared with mammals.
Additional sequence data, from other mitochondrial genes, are required to adequately determine whether male and female mtDNA in Mytilus are diverging at different rates.
Regardless of whether the male lineage is evolving faster, the demonstration of two separate lines of mtDNA inheritance within all three species of the M. edulis complex lends further support to the theory that uniparental inheritance of organellar DNA arose to contain selfish DNA (Hurst and Hoekstra 1994) . The mechanism causing the amplification of paternal mtDNA in males and thus the association of paternal mtDNA with maleness has not been identified. It is possible that the presence or absence of paternal mtDNA determines gender. If so, then there should be a perfect concordance between the presence of paternal mtDNA and the male phenotype. This, however, does not appear to be the case. Within the M. trossulus and M. galloprovincialis populations we sampled we found individuals that were unambiguously male or female but that carried the alternate 16s haplotype. In addition, Zouros et al. (1994a) found that the association between paternal mtDNA and gender broke down in interspecific crosses of M. edulis and M. Zouros et al. (1994a) , who concluded that the mtDNA plays no direct role in sex determination in Mytilus. For most molluscs, gender is determined by the presence or absence of a neurohormone or androgenlike factor during development (Dohmen 1983) . All embryos start as females, and the presence of this androgen causes some embryos to become male. It is possible that androgens either directly or pleiotropically determine whether the paternal mtDNA is preferentially amplified in male mussels. Perhaps within intraspecific crosses varying levels of androgen and/or androgen receptors result in the occasional production of hermaphrodites and individuals with alternate haplotypes. Thus, the eventual identification of the mechanism maintaining "doubly uniparental"
inheritance of mtDNA in Mytilus may well provide valuable information on sex determination in molluscs. Recombination has not been reported for mtDNA in any animal species. The high frequency of heteroplasmic individuals carrying highly divergent mtDNA molecules in natural populations of Mytilus spp. (Fisher and Skibinski 1990; Hoeh et al. 199 I) , and the evolutionary age of the male and female lineages, provides an unparalleled opportunity for the occurrence and detection of recombination among mtDNA molecules. Recombination should eventually result in an uncoupling of the 16s sequence haplotype from the region(s) that regulate the exclusion of F haplotypes by M haplotypes in males. Over time this would destroy the relationship between 16s sequence haplotype and gender in each of the sibling species. In the 20 mitochondrial 16s sequences examined in this study we detected only point mutations, and there was a very strong association between 16s restriction fragment profiles and gender in the 150 animals we assayed. We have thus detected no evidence of intragenic recombination or recombination between the 16s gene and the region(s) regulating the amplification of the M lineage in males in this study. The 16s sequence data support the generally held phylogenetic relationships among the three species of Mytilus (Varvio et al. 1988) . In both the male and female lineages, M. trossulus is the most divergent of the three taxa with unique, fixed haplotypes that differ from the male and female M. edulis and M. galloprovincialis haplotypes by 6.7% and 3.8%, respectively. On the other hand, M. galloprovincialis and M. edulis are more closely related; the maximum divergence between any M. edulis and A4. galloprovincialis haplotype is 2.9%. In addition, these two species have both male and female 16s haplotypes that cluster together and differ by 1% or less (e.g., fig. 3 , female clade A).
There are at least two hypotheses that can explain these observations. First, M. edulis and M. galloprovincialis are of relatively recent origin, having only diverged for about 2 Myr (Barsotti and Meluzzi 1968) , and it is therefore possible that lineage sorting has not yet produced distinct male and female haplotypes within each species. This hypothesis seems unlikely to us since Avise et al. (1984) have shown that lineage sorting can occur rather rapidly.
A second possibility is that these two taxa may have diverged in allopatry but that subsequent hybridization has lead to the introgression of haplotypes between the two species. Hybridization occurs between A4. edulis and M. galloprovincialis in natural populations along the coast of western Europe (Skibinski et al. 1983) , and the introgression of mtDNA haplotypes is suggested by our data. While M. galloprovincialis has a unique and relatively common female haplotype (D), this species has a second female haplotype that is also found in M. edulis. We are currently developing a male-specific assay for the 16s gene, and preliminary data from this assay indicate that a similar situation exists within the male lineage. The haplotype represented by sequence G5 is fairly common in M. galloprovincialis but is not found in M. edulis (unpublished data). Thus, M. galloprovincialis has unique male and female haplotypes as well as haplotypes that appear to have introgressed from hybridization with M. edulis. The asymmetric introgression of mtDNA across a zone of contact between two differentiated taxa has been observed for numerous taxa (see Harrison 1990 and references therein). Proposed mechanisms of asymmetric introgression usually have to rely on comparative introgression of nuclear genes and mitochondrial haplotypes. A more thorough investigation of the distribution of nuclear genes and mtDNA haplotypes around the Mytilus zone of contact in western Europe is necessary to estimate the relative rates of introgression for both the male and female mtDNA lineages. The existence of "doubly uniparental" inheritance of mtDNA and distinct male and female lineages potentially provides a unique means for assessing the role of male-and female-mediated gene flow in producing asymmetric patterns of introgression in hybridizing species of mussels.
In conclusion, we have demonstrated that the "doubly uniparental" mode of mtDNA inheritance in
Mytilus (Skibinski et al. 1994; Zouros et al. 1994a Zouros et al. , 1994b occurs in all three of the sibling species M. edulis, A4. galloprovincialis, and A4. trossulus. The high degree of divergence between the two mitochondrial lineages and their phylogenetic relationships indicates that this mode of inheritance is quite old and predates speciation within the M. edulis species complex. The unique mode of mtDNA inheritance in Mytilus suggests that mussels may be valuable models for the study of male-driven evolution, molluscan sex determination, and the mechanisms leading to asymmetric introgression of mtDNA across hybrid zones.
